It is very important to estimate the load carrying capacity of a ship's hull as awhole from the viewpoints of safety and economy. For this purpose, a simple method was proposed to simulate the progressive collapse behaviour of a ship's hull girder subjected to longitudinal bending. In this method, the cross section of a hull girder is divided into small elements composed of a stiffener and attatched plating. For each stiffener element, the average stress-strain relationship under axial load is derived based on the equilibrium conditions of forces and moments. The buckling and yielding in both stiffener and plate are taken into account. Then, a step-by-step increase of vertical curvature is applied to the hull girder assuming that the plane cross section remains plane. At each incremental step, the tangential flexural rigidity of the cross section is evaluated using the tangential slope of the average stress-strain curves of the elements as well as the incremental bending moment due to the curvature increment.
Introduction
A ship's hull is a typical box girder structure, and is subjected to longitudinal bending loads such as distributed weights, buoyancy forces and wave loads. To design a ship's hull withstanding these load, some allowable stresses have been introduced in a structural design so that the deck and/or bottom platings do not undergo buckling/plastic collapse. From this point of view, many research works have been performed on buckling/plastic collapse strength of isolated plates and stiffened plates both theoretically and experimentally, and useful results have been obtained.
At the same time, it is very important to know the load carrying capacity of a ship's hull as a whole from the viewpoints of safety and economy. Such information may fundamentally be obtained by performing Finite Element Analysis on a ship's hull, considering both geometrical and material nonlinearities1,2). However, such analysis requires large amounts of effort, money, computational time and computer memory. So, some simplified method is required. As far as the maximum bending moment carried at a girder cross section is concerned, simple methods were proposed by Nishihara3) and Endo et. al.4) . In their methods, however, the reduction in load carrying capacity of each structural component after the ultimate strength is not considered, and thereby the progressive collapse behaviour was not simulated, although the ultimate bending moment was evaluated with good accuracy.
On the other hand, Ueda, Rashed and Paik5) developed efficient elements for plates and stiffened plates under bi-axial tensile and/or compressive and shear loads. In their method, a stiffended panel surrounded by longitudinal girders is considered as one structural unit, and the stiffness matrix is derived for this unit considering the influences of buckling and plastic behaviour of the element. This work was done in the frame work of the Idealized Structural Unit Methods6). Applying the improved unit, Paik7)8) simulated the collapse behaviour of ship's hull girders subjected to longitudinal bending moment.
Smith et. al. [9] [10] [11] [12] [13] proposed another simple but efficient method to analyze the collapse behaviour of box girder structures under longitudinal bending load. Smith's method is fundamentally the development of that proposed by Caldwell"), but it takes into account of the progressive loss in stiffness of a cross section due to buckling and yielding of structural components. Smith described the procedure of his method as follows9).
( 1 ) The hull girder cross section is divided into small elements composed of plates and stiffeners.
( 2 ) Vertical curvature of the hull girder is assumed to occur incrementally. The corresponding incremental element strains are calculated on the assumption that the plane section remains plane and that the bending occurs about the instantaneous neutral axis of the cross section.
( 3 ) Incremental element stresses are derived from incremental strains using the slopes of stress-strain curves.
( 4 ) Incremental element stresses are integrated over the cross section to obtain the bending moment increments.
Incremental curvatures and bending moments are summed to provide cumulative values.
His method may be regarded as a rather simple method comparing to that proposed by Ueda et. al. [5] [6] [7] [8] , but easily gives solutions accurate enough under a simple loading condition of pure bending. The only difficulty in the Smith's method is the derivation of the stress-strain relationships of component elements taking into account of the buckling and yielding. To obtain such stress-strain relationships, Smith suggested to perform elasto-plastic large deflection analysis by the Finite Element Method. Such analysis, however, may require much works especially when the number of elements is large. In the present paper, such stress-srain relationships were derived in an analytical manner. Then, according to the Smith's method, a computer program "HULLST" was developed to analyze the progressive collapse behaviour of the cross section of a box girder type structure subjected to longitudinal bending load. After performing some sample calculations on the existing box girder models to examine the rationality of the proposed method, collapse behaviour of the cross section of an existing bulk carrier of 60,000 tons DWT was analyzed both under sagging and hogging conditions.
Method of Analysis

1 General Assumptions
The longitudinal stiffening system is usually employed in larger ships at their midlength parts, and the deck, the bottom and the side plating are stiffened by a number of longitudinal stiffeners and girders. If an extreme longitudinal bending load acts on a hull girder, the possible collapse modes of its cross section may be :
( 1 ) local collapse of plates between stiffeners ; ( 2 ) local collapse of stiffeners ; ( 3 ) overall collapse of longitudinally stiffened plate between longitudinal girders and transverse frames ; ( 4 ) overall collapse of orthogonally stiffened plates between transverse bulkheads. For the existing scantling of ship structures, however, the most probable collapse mode may be the overall collapse of stiffened plate after local collapse of the individual plates between stiffeners. In the following, assuming such collapse mode, a simple method is proposed to simulate progressive collapse behaviour of a ship's hull girder under an extreme load.
Firstly, the average stress-strain relationship of an isolated plate is derived based on the results of elastic large deflection analysis and plastic mechanism analysis. In the elastic analysis, analytical method was applied taking into account of the influences of initial deflection and welding residual stresses. Then, the collapse of a stiffened plate is treated as that of stiffeners with flanges corresponding to the plating between stiffeners. Their average stress-strain relationships are derived considering the equilibrium conditions of forces and moments. In this derivation, the average stressstrain relationships obtained for plates previously are used to represent the characteristics of the attached flanges corresponding to the plating.
After evaluating the average stress-strain relationships of all the component elements in the cross section, the progressive collapse behaviour of a box girder under pure bending is simulated fundamentally following the Smith's method.
2. 2 Average Stress-Strain Relationships of Isolated Plates 2. 2. 1 Initial imperfections due to welding and deflection mode under thrust When a longitudinal stiffening system is employed, the dominant compressive and/or tensile load act on the plate in the direction of its longer edge as indicated in Fig. 1 . All edges are assumed to be simply supported and remain straight while subjected to inplane movements.
The plates in a ship structure usually contain welding residual stresses and initial deflection associated by fillet welding of stiffeners to the plating. In this paper, a rectangular distribution of welding residual stresses is assumed considering the continuity condition of plates. Considering the self equilibrium condition of the residual stresses shown in Fig. 1 , the following equation is obtained.
( 1 ) The initial deflection in general may be expressed in 
and the total deflection under inplane compressive load as : ( 3 ) However, it is known that only a single deflection component is amplified as the compressive load increases above the buckling load while other components become negligibly small until secondary buckling takes place"). As a result, the behaviour of the plate may be approximately represented by taking single deflection modes, Aom and Am in Eqs. ( 2 ) and ( 3 ) where a/b is the aspect ratio of the plate, and n is an integer greater than 1. Hereafter, A0m and Am are denoted as A0 and A, respectively.
2. 2. 2 Relationship between average stress and deflection Performing elastic large deflection analysis, the following relationship is derived between average compressive stress and deflection"). ( 4 ) where a= a/bm and ( 5 ) ( 6 ) The relationship between average compressive stress and deflection is derived also according to the plastic mechanism analysis assuming rigid-perfectly plastic material. Depending on the aspect ratio a/b of the plate, two sets of plastic mechanism may exist as illustrated in Fig. 2 . For each mechanism, the following relationships are derived").
The average stress-deflection relationship terminates from that expressed by Eq. ( 4 ) to that by Eq. ( 7 ) or Eq. ( 8 ) at their intersecting point. The intersecting point gives the compresive ultimate strength.
2. 2. 3 Relationship between average stress and average strain The average stress-strain relationship according to the elastic large deflection analysis is expressed as") : (10) On the other hand, that according to the plastic mechanism analysis is expresed as : ( a ) Average stress-deflection relationships ( b ) Average stress-strain relationships The total deflection under axial compression is expressed as the sum of the elastic and the plastic components' 8) .
(15) The elastic component is assumed to be in the same mode with initial deflection as follows : (16) According to Ref. 19) , the elastic component is evaluated as :
(17) On the other hand, the plastic component is expressed
From the assumed deflection modes, the total curvature K and it's elastic and plastic components at the mid-span point are expressed as :
Deflection and curvature in a single span range are shown in Fig. 5( c ) . 2. 3. 3 Axial force and bending moment in crosssection On the other hand, the strain and stress distributions in the cross section at both ends of the element take one of the patterns indicated in Fig. 6 . For each cross section, the axial force and bending moment are evaluated by integrating the stresses in Fig. 6 . If unloading is detected in the plate, the stress-strain relationship is assumed to follow the unloading path. 
where EL and Ell are the flexural rigidities at Cross Sections 1 and 2, respectively. In deriving Eq. (25) , it is assumed that effective flexural rigidities at Cross Sections 1 and 2 are uniformly distributed along the corresponding spans. In evaluating EL and E12, the reduction in rigidity of plates is taken into acount. The lengths of spans a1 and a2 are evaluated from the following conditions : In the tensile range, the average stress-strain relationship is assumed to follow that of the elastic-perfectly plastic material.
2. 3. 6 Procedure to derive average stress-strain relationship The average stress-strain relationship is derived according to the flow in Fig. 8 , which may be described as follows.
( 1 ) At the first step, a1 and a2 are set equal to a.
The curvature K1 at Cross Section 1 is firstly given increasing it incrementally step by step. (33)
In the analysis, the strains in the elements are firstly calculated for the specified curvature. Then, the corresponding effective tangential moduli of the elements are ( a ) Thin stiffened plate ( b ) Thick stiffened plate . (31) . The stress increments are also evaluated using the stress-strain relationships of the elements. Then, adding the increments to the previous values, the cumulative values of curvatures and bending moments of the cross-section are evaluated as well as those of stresses and strains of all the elements. The influences of both buckling and yielding are taken into account automatically by employing the stressstrain relationship derived in Section 2. 3.
The computer program "HULLST" is developed to perform such analysis.
Numerical Calculations and Discussions
1 Calculations on Box Girder Models
To examine the rationality of the proposed method, a series of analysis was performed on existing box girder models subjected to longitudinal bending load. Four specimen are chosen for analysis. They are Model 23 by Reckling"), Model 4 by Dowling et. al.") and Models MST-3, MSD-S and MSD-H by Nishihara3). The former two models were analyzed also in Dow's paper"). The principal dimensions and the material properties are summarized in Table 1 ( b ) , where average stress-strain relationships for typical elements and the moment-curvature relationships of the girder are plotted, respectively. In Fig. 11 ( a ) , the solid and the chain lines represent the results by the present method and by Dow, respectively, and the dashed line by the elastoplastic large deflection analysis by the FEM similar to that in Section 2. 3. In the Dow's calculation, the average stress-strain relationship was derived by performing elasto-plastic large deflection analysis by FEM, but plate part was treated as a single fiber of the beamcolumn element of which stress-strain relationship follows that of a plate derived before this analysis. This must be the main reason why there exists some differences between the results of the two FEM analyses. The average stress-strain relationship obtained by the present method shows good correlation with that by the present FEM analysis. In Fig. 11 ( b ) , the solid and chain lines represent the calculated results by the present method and by Dow, between the stiffeners and overall buckling of the whole compression flange. The calculated collapse behaviour was almost the same as that of the test model, although some differences are observed in the measured and calculated rigidities. In the present and Dow's analyses, one stiffener element located at each corner was treated as a hard corner element of which stress-strain relationship follows that of a elastic-perfectly plastic material both in tensile and compressive ranges. Dow performed an alternative analysis considering two stiffeners at each corner as hard corner elements, and almost the same ultimate strength was obtained with the measured one. Table 1 were assumed. The observed failure mode was the compression flange buckling. Also this model was analyzed by Dow. In Fig. 12 ( a ) , the average stress-strain relationships are plotted. There exist large differences between stress-strain relationships by the present method and by Dow. According to Fig. 12 ( a ) , the tension flange is much stronger than the compression flange. However, looking over the dimensions and the material properties in Table 1 , there can not be so much differences. The stress-strain relationships by the present method seems to be more rational. Nevertheless, the In the present analysis, two cases are considered regarding the hard corner effect. The analysis was performed on Models MST-3, MSD-S and MSD-H. He described in his paper that the welding residual stresses were not removed after fabricating the models. However, no measurement was performed on welding residual stresses and initial deflection. In the present analysis, the initial imperfection shown in Table 1 were used. An alternative analysis was also performed without considering welding residual stresses. Figure 13 ( a) shows the average stress-strain relationship of the element, where solid and chain lines represent those with and without considerig residual sresses. On the other hand, the dashed line represents the stress-strain relationship without residual stresses obtained by the FEM analysis. Good correlations are observed between the results by the present method and the FEM. It is also known that the ultimate strength is reduced by 10% of the yield stress due to the assumed welding residual stresses. Figure 13 ( b) shows the measured and calculated moment-deflection relationships. It is known that the assumed welding residual stresses reduce the ultimate bending moment about 4% under sagging condition. With the welding residual stresses of 2bt/b=0.2, the ultimate bending moment is well predicted. Contrary to this, the accuracy of deflection is not so good. This may be attributed to the difference in number of spans. The test was carried out on a single span model, whereas the proposed model is a double span model applicable to a Fig. 16 ( a ) .
In case of a sagging condition, the local buckling firstly took place at the upper part of the bottom of a top side tank, and the buckling of the deck plate near the hatch side followed. After this, buckled part spreads at both the deck and the bottom of a top side tank from the center to the side. When buckling took place at all the deck plate, half of the bottom of the top side tank and upper part of the side shell, the ultimate strength was attained. The reserve strength after the first local buckling was very small comparing to the case of ( a ) Hogging condition ( b ) Sagging condition hogging condition. This is because the stresses at the buckled part in compression decrease whereas that of yielded part in tension do not decrease. With furher increase in applied curvature, the neutral axis rapidly moved downward, and the middle part of the side shell came to the compression side of bending. The dashed line in Fig. 16 ( b) shows the stress distribution after buckling had occured at this part. The yielding did not take place at the bottom plate in tension side within the curvature applied here.
Conclusions
A simple method was proposed to analyze the pro- gressive collapse behaviour of a ship's hull girder under longitudinal bending load. This method takes into account of the progressive loss in rigidity due to the occurrence of local buckling and yielding. The fundamental idea of this method was firstly proposed by Caldwell14) and followed by Smith9-13). According to Smith, the cross section is divided into small elements composed of plates and stiffeners. In this paper, simple analytical method was proposed to derive the average stress-strain relationships of elements. The proposed method is as follows :
( 1 ) A stiffener with a flange corresponding to plates between stiffeners is considered as one element. Adjacent two mid-span points between transverse frames are taken as the both ends of an element.
( 2 ) The average stress-strain relationship of the attached plate is firstly derived combining the elastic large deflection analysis and plastic mechanism analysis both in analytical forms.
( 3 ) In the elastic range, deflection mode in a sine half wave is assumed. After yielding starts, plastic deflection component is introduced which gives constant curvature in the yielded zone near the mid-span point.
( 4 ) Giving the curvature incrementally, and assuming a linear distribution of strain over the cross section at both ends, deflection and stress distribution satisfying the equilibrium conditions of forces and moments are determined. At the plate part, the average stress-strain relationships of plates are used, and the effective rigidity is evaluated.
( 5 ) Axial strain is evaluated with the axial force and the deflection.
This method was implemented into the computer code "HULLST" to analyze the progressive collapse behaviour of a ship's hull girder under longitudinal bending.
Sample calculations were performed on five existing girder models, and the rationality of the proposed method was demonstrated. Then, progressive collapse analysis was performed on the cross section of an existing bulk carrier under pure bending. It was shown that the cross section can not carry the full plastic bending moment due to the occurrence of local buckling in the compression side of bending. More decrease was observed in ultimate strength under sagging condition than hogging condition.
In the present paper, only the axial force was considered as the force acting on stiffener elements. In the actual case, the influences of lateral force acting at the bottom plate and shear force acting at the side shell have to be also considered. The assumed deflection was only that of the Eulerian buckling mode. The introduction of deflection component in torsional buckling mode is also important. These remain as future works.
